To suppress virus multiplication, infected macrophages produce NO. However, it remains unclear how infecting viruses then overcome NO challenge. In the present study, we report the effects of accessory protein C from Sendai virus (SeV), a prototypical paramyxovirus, on NO output. We found that in RAW264.7 murine macrophages, a mutant SeV without C protein (4C(-)) significantly enhanced inducible NO synthase (iNOS) expression and subsequent NO production compared to wild type SeV (wtSeV). SeV 4C(-) infection caused marked production of IFN-b, which is involved in induction of iNOS expression via the JAK-STAT pathway. Addition of anti-IFN-b Ab, however, resulted in only marginal suppression of NO production. In contrast, NF-jB, a primarily important factor for transcription of the iNOS gene, was also activated by 4C(-) infection but not wtSeV infection. Induction of NO production and iNOS expression by 4C(-) was significantly suppressed in cells constitutively expressing influenza virus NS1 protein that can sequester double-stranded (ds)RNA, which triggers activation of signaling pathways leading to activation of NF-jB and IRF3. Therefore, C protein appears to suppress NF-jB activation to inhibit iNOS expression and subsequent NO production, possibly by limiting dsRNA generation in the context of viral infection.
Introduction
Airway epithelial cells are the primary targets of respiratory virus infection, although immune cells such as airway macrophages and dendritic cells are also susceptible. 1, 2 Macrophages are the critical first line of defense against respiratory pathogens.
3 Thus, understanding how viruses evade or exploit macrophage function will provide greater insight into viral pathogenicity and antiviral responses. In response to viral infection, macrophages secrete NO as well as large amounts of cytokines. This in turn activates the expression of other immune genes, thereby controlling invading pathogens. 1 Moreover, NO counters viral infectivity and replication, likely by reacting with viral or cellular factors. 4, 5 As a countermeasure, however, viral pathogens have evolved virulence factors that antagonize the NO pathway. [6] [7] [8] We recently studied the ability of Sendai virus (SeV), as a representative of the Paramyxoviridae family, to inhibit innate immunity [9] [10] [11] [12] [13] and found that the NO response to SeV without the C protein (4C(-)) was greater than that to wild type SeV (wtSeV) in infected RAW264.7 macrophages. This finding indicates that the C protein may inhibit NO activation and the inflammatory response. However, the underlying mechanism of how SeV regulates NO production in macrophages during viral infection remains unknown.
NO production is maximized by NF-jB and by IFN-stimulated gene factor 3 (ISGF3), a multiprotein complex consisting of STAT1, STAT2, and IRF9. 14 The complex is formed after type I IFN triggers JAK-STAT signaling by binding to specific cell surface receptors. It has been shown that the SeV accessory proteins C and V overcome the type I IFN system by blocking the JAK-STAT pathway and/or limiting the production of IFN in HeLa cells. 9, [15] [16] [17] Therefore, we hypothesized that infection by SeV can regulate NO production in infected macrophages. Indeed, during our research on the effect of SeV on macrophages, we recently found that C protein inhibits TLR4-mediated NO production by blocking the ability of type I IFN to stimulate JAK-STAT. 18 This finding indicates that the virus also regulates NO production by inhibiting JAK-STAT signaling in the context of virus infection in macrophages. However, unexpectedly, we found that 4C(-) activates production of NO in RAW264.7 cells, although IFN-b is only minimally involved in the associated increase in inducible NO synthetase (iNOS) and NO. Because this ability does not appear to be explained by the previously observed IFN antagonism, we here investigated the mechanism underlying this regulation. Our results show that the activation of NO is blocked by Bay-11-7082 (Bay), a chemical inhibitor of NF-jB, and is also inhibited by influenza virus nonstructural protein 1 (NS1), which sequesters double-stranded (ds) viral RNA. Thus, we report that the SeV C protein appears to limit the generation of dsRNA and thereby prevents NF-jB activation, iNOS expression, and NO output.
Materials and methods

Cells and viruses
Murine RAW264.7 macrophages were obtained from Riken BioResource Center (Tokyo, Japan) and maintained in Roswell Park Memorial Institute 1640 medium (Sigma Chemicals, St. Louis, MO, USA) containing 5% heat-inactivated FCS (Gibco-Invitrogen, Carlsbad, CA, USA). Vero cells were maintained in DMEM (Sigma Chemicals, St. Louis, MO, USA) containing 10% heat-inactivated FCS. A RAW264.7 cell clone stably expressing Flag-tagged NS1 from influenza A virus PR8 was isolated from neomycinresistant colonies after transfection with pCXN2-Flag-NS1. This clone was provided by Y. Nakatsu, along with a control clone isolated in a similar manner after transfection with empty pCXN2. 19 wtSeV, a cDNA-derived Z strain, was propagated in Vero cells in the presence of 3 lg/ml trypsin, 9 along with the mutant strain 4C(-), from which C protein had been knocked out. 20, 21 Reagents LPS from Escherichia coli O55:B5 and S-nitroso-Nacetyl-DL-penicillamine (SNAP) were purchased from Sigma Chemicals (St. Louis, MO, USA) and Dojindo (Kumamoto, Japan), respectively. Abs to p65 (#8242), p65 phosphorylated at Ser276 (#3037), STAT1 (#9172), STAT1 phosphorylated at Y701 (#9171), and STAT2 (#4597) were purchased from Cell Signaling Technology (Beverly, MA, USA). Abs to iNOS (#06-573) and STAT2 phosphorylated at Y689 (#07-224), as well as Bay 11-7082, a chemical inhibitor of NF-jB, were obtained from Millipore (Temecula, CA, USA). Abs to cyclooxygenase-2 (COX-2) (#610203) were obtained from BD Transduction Laboratories (San Jose, CA, USA), whereas neutralizing Abs to mouse IFN-b (#32401-1) were obtained from R&D Systems (Minneapolis, MN, USA). Sera against SeV and its C protein were produced in rabbits as described previously.
22,23
Quantification of NO and cytokines
Nitrite, a stable degradation product of NO, was quantified in culture media by the Griess reaction, using a microplate reader as described previously. 24 Potassium nitrite diluted in complete culture medium was used as a standard. TNF-a and IL-6 were quantified by ELISA kits from R&D Systems (Minneapolis, MN, USA), whereas IFN-b was assayed by a PBL InterferonSource ELISA kit (Piscataway, NJ, USA). Data were analyzed by Student t test, with P < 0.01 considered statistically significant, and are reported as mean AE SD from triplicates. All experiments were performed independently at least three times.
Immunoblotting
Cells were lysed in 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 10 mM sodium fluoride, 1 mM sodium orthovanadate, and protease inhibitor cocktail (Sigma). Total proteins (20 lg) were separated by electrophoresis on 10% to 15% SDSpolyacrylamide gels, and electroblotted onto membranes (Durapore, Merck Millipore, Billerica, MA, USA). 18 The membranes were then blocked for one h in PBS containing 5% skim milk and 0.05% Tween 20, probed for one h at room temperature with primary Abs, labeled for one h with anti-mouse or anti-rabbit IgG conjugated to HRP (Thermo Fisher Scientific, Waltham, MA, USA) and visualized by chemiluminescence using SuperSignal West Dura (Thermo Fisher Scientific) and an AE6955 light capture system with CS software (Atto, Tokyo, Japan).
Luciferase reporter assay
Using FuGENE HD transfection reagent, RAW264.7 cells in 24-well plates were transfected in triplicate with 200 ng/well pCA7HA vector with or without the C gene, along with 200 ng/well of piNOS-Luc or pISRE-Luc and 5 ng/well pRL-TK-Luc, which express luciferase under the control of the iNOS or IFNstimulated response element (ISRE) and thymidine kinase (TK) promoter, respectively. At 24 h posttransfection, cells were mock-infected or infected with SeV 4C(-) at MOI 5. Relative luciferase activity was determined after eight h by a dual-luciferase reporter assay system (Promega, Madison, WI, USA). Activation of the promoter of iNOS or ISRE was assessed based on the mean relative luciferase activity from three independent experiments. 18 
Statistical analysis
All graphs were generated using the GraphPad Prism software (GraphPad Software Inc, San Diego, CA, USA). Data are presented as the means AE SD, and P values were calculated using an unpaired Student t test with two-tailed analysis. P < 0.01 was considered statistically significant.
Results
NO suppresses the infectivity of SeV
In vitro, NO was reported to have no apparent antiviral effect on SeV but to have potent mutagenic activity postinfection. 25 To determine other effects of NO on SeV infection, we examined the effect of NO exposure preinfection. The addition of SNAP, an NO source that is often used to investigate the physiological actions of NO, 1, 5, 6, 26 to the culture medium increased the concentration of NO in a concentration-dependent manner ( Figure  1a ). Accordingly, Vero cells were pretreated with various concentrations of SNAP and then infected with wtSeV at MOI 0.01. The cells have defective type I IFN genes and do not mount an antiviral response via such genes. After incubation for 72 h in trypsin, the surviving cells were stained with amido black. As shown in Figure 1b , pretreatment with more than 10 lM SNAP inhibited the cytopathic effects of SeV, which are pronounced in the absence of the NO donor. In addition, SNAP significantly suppressed the expression of the viral proteins P, N, and M (Figure 1c) . However, in agreement with a previous report, 25 posttreatment with SNAP did not inhibit the cytopathic effects of SeV (Figure 1b, lower panel) . Collectively, these results imply that NO suppresses the infectivity, but not the replication, of SeV.
SeV C protein suppresses NO production in infected RAW264.7 macrophages
The SeV accessory protein C overcomes the type I IFN system by blocking the JAK-STAT pathway and/or limiting the production of IFN.
9,15-17 Therefore, we surmised that NO output in infected cells is also regulated by these proteins. Thus, we tested the effects of this accessory protein on host NO production in murine RAW264.7 macrophages, which are often used as a model to investigate NO activity against many viruses. In response to respiratory infection, NO is abundantly produced by various cells, including alveolar macrophages and airway epithelial cells, 1 via induction of iNOS, one of the key enzymes that generate NO from l-arginine. 27 NO was quantified in culture media from RAW264.7 cells infected with SeV 4C(-) (Figure 2a ). Whereas wtSeV elicited minimal NO production, infection with SeV 4C(-) caused significant NO output in a concentration-and time-dependent fashion (Figure 2b , c). iNOS expression was also induced (Figure 2d ), in line with NO output. To confirm that C protein regulates iNOS expression, RAW264.7 cells were transfected with a plasmid encoding C protein and a plasmid encoding luciferase under the control of the iNOS-promoter. These cells were then infected with SeV 4C(-) (Figure 2e ). Lack of luciferase activity indicated that the iNOS promoter was not activated, suggesting that exogenously expressed C protein is able to suppress mutant virus-induced iNOS expression and NO output.
IFN-b induced by SeV 4C(-) is only marginally involved in iNOS and NO induction
The iNOS promoter contains response elements to NF-jB and to ISGF3. This complex is formed when type I IFN engages specific cell surface receptors, activates JAK-STAT signaling, and elicits phosphorylation of tyrosines in STAT1 and STAT2. As previously observed, 9 SeV 4C(-) induced significantly higher production of IFN-b ($10 3 IU/ml) in RAW264.7 cells in comparison to wtSeV (Figure 3a) . Accordingly, the downstream genes STAT1 and STAT2 were also more strongly expressed (Figure 3c ) and phosphorylated (Figure 3b) .
To determine whether IFN-b expression induced by SeV 4C(-) amplifies NO output, we assessed the effects of neutralizing Abs against IFN-b. However, the Abs inhibited NO production only marginally in RAW264.7 cells infected with the virus (Figure 3d ), suggesting that IFN-b is not extensively involved. The blocking of SeV 4C(-)-induced IFN-b by the Abs was confirmed with an ISRE luciferase reporter vector, which is a JAK-STAT pathway-responsive reporter. Conversely, addition of an equivalent amount of exogenous IFN-b (10 3 IU/ml) as induced by the virus did not elicit iNOS expression and NO production as shown in Figure 3d and e. Indeed, a higher concentration of exogenous IFN-b (10 4 IU/ml) was required to elicit iNOS expression and NO output (Figure 3e, f) . Nevertheless, prior infection by wtSeV suppresses iNOS expression and NO production even in this extreme case. Taken together, these results suggest that the IFN-b induced SeV 4C(-) is only marginally involved in iNOS induction and subsequent NO output.
NF-jB mediates NO induction in RAW264.7 cells infected with SeV 4C(-)
NF-jB is an important transcription factor that activates iNOS as well as cytokines such as TNF-a and IL-6, which, in turn, up-regulate COX-2. As shown in Figure 4a -c, notable amounts of TNF-a, IL-6, and COX-2 were produced after infection with SeV 4C(-), but not after infection with the wt virus. Phosphorylation of the p65 subunit in NF-jB was also observed in cells infected with the mutant virus (Figure 4d ). Strikingly, a chemical inhibitor of NFjB, Bay, that selectively and irreversibly inhibits NFjB activation by blocking the cytokine-induced phosphorylation of IjB-a, inhibited NO production induced by the mutant virus without affecting the replication of SeV 4C(-) (Figure 4e) . Collectively, the results suggest that NF-jB is largely responsible for 
NO induction in RAW264.7 cells infected with SeV 4C(-).
Influenza virus NS1 inhibits NO production induced by SeV 4C(-) by sequestering dsRNA As SeV 4C(-), but not the wt, strongly activates NF-jB (Figure 4) , C protein may block signaling pathways that converge at NF-jB. Thus, we investigated the role of TLR4, which is required for one such pathway (Figure 5a) . Exposure of RAW264.7 cells to LPS, a TLR4 ligand, induced expression of COX-2. In agreement with our previous report, however, these effects were unaffected by prior infection with wt or SeV 4C (-), indicating that C protein does not block TLR4-dependent activation of NF-jB.
Previously, we demonstrated in human glioblastoma U118 cells that SeV 4C(-), but not the wt, generates ds viral RNA during replication and transcription. 11 In another report using influenza virus, dsRNA were reported to induce NO production through protein kinase (PKR)-dependent activation of NF-jB. 28 In addition, dsRNA may engage TLR3 and retinoic acid-inducible gene-I-like receptors, both of which also activate NF-jB. 29 , 30 Thus, we tested whether activation of NF-jB by SeV 4C(-), but not by the wt, results from production of dsRNA. Accordingly, we established a RAW264.7 cell line stably expressing influenza virus NS1 (RAW-NS1), which is well known to sequester dsRNA and thereby inhibit IFN production. 19 As shown in Figure 5d and e, expression of NS1 significantly inhibited NO production and iNOS expression after infection with SeV 4C(-). Hence, C protein appears to suppress NO induction by restricting the generation of dsRNA during viral replication and transcription.
Discussion
In this study, we expanded on our previous findings that SeV C protein overcomes the type I IFN system in HeLa cells and demonstrated that SeV C protein limits NO production in infected RAW264.7 macrophages.
We found that SeV 4C(-) activates IFN-b in RAW264.7 cells, although this cytokine was only minimally involved in the associated increase in iNOS and NO (Figure 3) . Rather, activation of NF-jB is largely responsible (Figure 4) . Indeed, this effect is blocked by Bay, a chemical inhibitor of NF-jB, but not by neutralizing Abs against IFN-b. Strikingly, influenza virus NS1, which sequesters ds viral RNA, 19 also suppresses NF-jB activation and subsequent NO production in cells infected with SeV 4C(-) ( Figure 5 ). SeV 4C(-), but not the wt, generates dsRNA during replication and transcription in human glioblastoma U118 cells.
11
Based on these multiple lines of evidence, the SeV C protein seems to limit the production of dsRNA and thereby prevent NF-jB activation, iNOS expression, and NO output. Nevertheless, we cannot at present exclude the possibility that NS1 inhibits NO induction by interacting with the ubiquitin ligase TRIM25 to ubiquitinate and inactivate retinoic acidinducible genes. 31 In a previous study, 18 wtSeV was found to inhibit LPS-induced production of NO, but not of TNF-a and IL-6. This inhibition was associated with suppressed activation of STAT1 and STAT2, but not of NF-jB, as well as with SeV C protein. Indeed, the ability of the C protein to block LPS-induced NO production was abolished by an F170S mutation, which also blocked the ability to activate STAT proteins. Thus, C protein appears to suppress LPS-induced NO production by inhibiting JAK-STAT signaling. In contrast, we have now observed that SeV 4C(-), but not the wt, induces production of not only NO but also TNF-a and IL-6. The differences in the mechanisms underlying the inhibitory effects of the C protein on LPS-and virusinduced NO production may be attributable to the differences in ligands that activate NF-jB. Moreover, IL-6 induction by SeV 4C(-)-infected cells could also induce NO production in the context of SeV 4C(-) infection because IL-6 is a powerful inducer of NO production. 5 Regarding whether C protein in paramyxoviruses prevents NO production by limiting dsRNA production, C-deficient measles virus also induces type I IFN, but not when ds viral RNAs are sequestered by influenza virus NS1. 19 Similarly, the C protein in human parainfluenza virus type 1 suppresses dsRNAdependent PKR, melanoma-associated differentiation gene 5 (MDA5), and type I IFN by limiting dsRNA. 32 Collectively, the data strongly suggest that the C protein in paramyxoviruses suppresses NO production in the host by restricting dsRNA expression, although the C protein from measles virus is at most 20% homologous to the SeV C protein.
A critical question raised by these findings is whether the NO antagonism induced by the SeV C protein, which decreases the production of NO, contributes to the pathogenicity of this virus. Although the role of NO in influenza virus infection is not well understood in vitro, NO clearly plays a role in fighting influenza virus infection. The addition of SNAP to Madin-Darby canine kidney (MDCK) cells immediately after infection with the influenza A and B viruses inhibited the replication of both viruses in a dose-dependent manner during the initial stages of infection. 7 Similarly, when MDCK cells were exposed to gaseous NO before or after infection with influenza A and B viruses, the inactivation of viral neuraminidase activity and inhibition of viral infectivity was observed both with pre-and postinfection NO exposure. 4 Although NO has been shown to have no apparent antiviral effect on SeV replication, we demonstrated that NO reduces viral infectivity. Therefore, antagonism of the NO system, which decreases NO production, may be involved in viral pathogenicity.
In summary, we have studied the role of SeV C protein in limiting NO production in infected RAW264.7 macrophages. Our findings reveal that the ability of the C protein to limit dsRNA generation is more important than its anti-NO antagonistic ability in terms of limiting NO production in the context of viral infection. This finding indicates that the NF-jB pathway contributes to SeV-induced NO production more than the JAK-STAT pathway.
